Key parts of the ITER scenarios are determined by the capability of the proposed poloidal field coil set. They include the plasma breakdown at low loop voltage, the current rise phase, the performance during the flat top phase, and a ramp down of the plasma. The ITER discharge evolution has been verified in dedicated experiments. New data are obtained from C-Mod, ASDEX Upgrade, DIII-D, JT-60U and JET. Results show that breakdown for E axis <0.23-0.33V/m is possible un-assisted (ohmic) for large devices like JET and attainable in devices with a capability of using ECRH assist. For the current ramp up, good control of the plasma inductance is obtained using a full bore plasma shape with early X-point formation. This allows optimisation of the flux usage from the poloidal field set.
INTRODUCTION
Simulations and experiments are focused on 15MA scenarios for ITER [1] , being the most challenging of the ITER reference scenarios for the superconducting Poloidal Field (PF) coils. In the course of producing suitable plasma configurations at 15MA in ITER, with sufficient wall clearance and control over the divertor strike point positions, the PF coils must remain within several limits, such as coil current, coil field, voltage, power, and central solenoid force limits. Recent studies [2, 3] have concentrated on upgrading the originally proposed PF coil set to provide better control and to respond to plasma disturbances within a range of plasma inductance (used here l i (3) = 2∫B p 2 dV/ (µ 0 2 I p 2 R 0 ), with B p the poloidal magnetic field, I p the plasma current, V plasma volume and R0 the major radius). Allowing for control margins [2, 4] , a range of l i (3) = 0.7-1.0 is possible for the current rise and flat top phase of ITER discharges at 15MA.
Until recently, detailed experimental data on the time evolution of ITER-like plasma discharges
were not available. Moreover, the analyses performed in the framework of the ITER design review (2006) (2007) (2008) highlighted that some of the assumptions made in the scenario simulations, in particular the evolution of the plasma inductance, are not consistent with experimental observations. Hence, dedicated experiments at C-Mod [5] , ASDEX Upgrade [6] , DIII-D [7] and JET [8] have been performed on all aspects of the discharge scenario. These dedicated experiments have (in part) been coordinated by the Steady State Operation Topic Group of the International Tokamak Physics Activity. They are also supported by interpretation of the plasma discharges with several scenario modelling codes [9, 10] .
The focus in this paper is on the control of li(3) during the discharge, to stay within the projected ITER limitations, and to provide a range of target q-profiles for the burn phase in standard (q 95 = 3) and advanced scenarios (q 95 >3). The results presented cover four phases of the ITER discharge scenario as given in Figure 1 : (1) The plasma breakdown phase at low loop voltage, (2) the current rise phase of the discharge with variation of the plasma shape, plasma current ramp rate, and heating used, (3) the current flat top phase of the H-mode reference scenario at q 95~3 as well as the hybrid scenario at q 95 = 4-4.5 and finally (4) the current ramp down phase which has to terminate the discharge safely whilst maintaining a vertically stable plasma equilibrium. Details of the results obtained in JET and ASDEX Upgrade are given here. The results of JT-60U, C-Mod and DIII-D are summarised.
LOW VOLTAGE BREAKDOWN EXPERIMENTS
Most devices have revisited low voltage plasma breakdown recently to match ITER conditions, i.e.
having available an electrical field of 0.33V/m on axis (E axis ). Both JET and DIII-D [11] have optimised low voltage start-up. ASDEX Upgrade and Tore Supra [12] developed, for the first time, operation without resistor switches in the ohmic heating circuits. Several superconducting tokamaks contributed to these studies (Tore Supra, EAST [13] and KSTAR [14] ). Table I lists devices that performed these experiments, together with their size (major radius), the toroidal field used, and the type and amount of heating assist available. An overview is given on the values of electric field used to get reliable breakdown in these experiments for ohmic conditions and assisted plasma breakdown using Electron Cyclotron Heating (ECRH) or Lower Hybrid Current Drive (LHCD).
Note that further optimisation of the breakdown phase may give even lower values for the electric field required for reliable plasma breakdown [see for example [15] ). The results show that for unassisted (ohmic) breakdown, the minimum achieved electric field on-axis tends to decrease with machine size down to ~0.23V/m for JET, a value well below ITER design value (0.33V/m). The result listed from JT-60U (1997), are in conditions not optimised for achieving the lowest voltage for ohmic breakdown. Most experiments have also tested ECRH breakdown assist, observing preionisation of the filling gas. JET uses LHCD but observes no pre-ionisation. Pre-ionisation and applying additional heating during the plasma current rise to 100kA-200kA ("burn-through" phase), allows a reduction of the loop voltage required for reliable breakdown, with all devices achieving plasma breakdown at Eaxis~0.2-0.3V/m in clean machine conditions.
JET and ASDEX Upgrade performed several studies for breakdown at low loop voltage and are described in detail below. Standard low voltage breakdown settings for JET use zero shaping, giving an open field line configuration with stray field B stray <0.4mT anywhere inside the vacuum chamber; the value on-axis being ~0.3mT. Shaping is added to form a well defined hexapole field null configuration with a stray field on-axis of B stray = 0.1mT (see Figure 2a) . The level of shaping can be varied, controlling the radial extent of the low stray field region ("size of the field null") and the connection length. For the field null configuration shown in Figure 2a , the initial position of the plasma is on the high field side (R<R 0 , JET = 2.96m). In these conditions the stray field near the inner wall is still low enough (B stray~0 .7-0.8mT) to have plasma breakdown at the higher electric field available at smaller major radius. For smaller field null configurations (higher shaping) the breakdown is delayed, due to reduced connection length and the plasma starts more outwards by 20-40cm. In these conditions however, the initial position of the plasma can be shifted more inboard by increasing the vertical field during plasma breakdown. Results show reliable breakdown without assist (ohmic) down to 0.23V/m. Applying 1MW LHCD, no pre-ionisation is observed of the filling gas is observed. LHCD assists the plasma current rise phase to 100kA-200kA (earlier mentioned "burn-through" phase), achieving reliable breakdown down to 0.19V/m. In reducing the available loop voltage, the plasma breakdown is delayed by 50ms-100ms ( Figure 3a ) and a slow and linear rise of the plasma current is observed. Using low voltage schemes, breakdown is still achievable after a high current (q 95 = 3) disruption (previous pulse). By adjusting the prefill at 0.33V/m and using 1MW LHCD assist, plasma breakdown is successful, albeit at somewhat higher plasma density with a resulting slower rise of the plasma current compared to clean vessel conditions.
Also ASDEX Upgrade uses a hexapole field null configuration ( Figure 2b ) for low voltage breakdown studies (E axis~0 .2-0.5V/m). In all cases ECRH is applied to pre-ionise the filling gas. The ECRH resonance position is near R = R 0 , AUG = 1.65m, using second harmonic X-mode heating at 140GHz, for 2.5T and 105GHz at 1.7T. Pre-ionisation is observed for P ECRH > 300kW, with more prompt ionisation at higher input power, the pre-ionisation at 105GHz being more efficient (earlier Using 105GHz at 1.7T, the resonance position is scanned from a minimum of 1.40m to a maximum of 1.85m (R 0 , AUG = 1.65m). At the extreme positions of the scan, the resonance lies outside the field null (minimum B stray ), and the plasma breakdown can not be sustained. A demonstration using fundamental O-mode heating of 105GHz at 3.1T shows an increase in plasma density directly after application of the ECRH power during the pre-ionisation phase. Also the current rise is faster compared to second harmonic X-mode heating at 1.7T. At 3.1T, the ECRH resonance position is at 1.45m. Despite this mismatch between the field null position and the ECRH resonance position, the plasma breakdown is reliable using fundamental O-mode injection. With the resonance position of ECRH on the high field side, these discharges at ASDEX Upgrade using 105GHz at 3.1T are identical to using 170GHz at 5.2-5.3T in ITER. Hence, a dedicated ECRH system at 127GHz
would not be essential for ITER.
JT-60U [18] has not optimised specifically for ITER-like breakdown conditions in recent experiments but uses routinely 2MW ECRH to achieve robust breakdown, even in successive high recycling discharges.
All experiments observe a decrease of the initial (first 100-200ms) rate of rise of the plasma current going to lower loop voltage. Typical values for this initial rate of current rise vary from 0.5 to 1.3MA/s at Eaxis~0.2V/m. The slow rise allows current penetration without MHD reconnection, giving access to low li(3)~0.3-0.6 just after breakdown. Hence, low voltage breakdown settings are used in most of the ITER scenario demonstration discharges (described below).
CURRENT RISE PHASE
One of the main aims of dedicated experiments is to demonstrate operation with 0.7<l i (3)<1.0 throughout the current rise phase, ramping to q 95 ~ 3 (high normalised current). The experiments are designed (scaled down from ITER, Figure 1 ) using the plasma resistivity as guide 
PLASMA SHAPE:
The original startup scenario envisioned for ITER [19] 
OHMIC DISCHARGES:
In JET, the density is varied in ohmic conditions from very low density (<n e >/nG W ~ 0.2, with <n e > the line averaged electron density and n GW the Greenwald density limit) to intermediate density (<n e >/nG W ~ 0.4). These discharges show no variation of l i (3) as the effective charge of the plasma, Z eff , reduces at higher density from 1.6 to 1.2 respectively, while <T e > decreases by 25%, leading to similar plasma resistivity. Increasing the density further during the current rise to <n e >/n GW ~ 0.6 (as done in experiments in ASDEX Upgrade), maintains Z eff at 1.2-1.3 while <T e > decreases with <n e >, leading to higher values for l i (3). Hence, in ohmic conditions experiments observe a clear optimum for the current diffusion; a trade-off between achieving high Te at low density (<n e >/n GW < 0.2) but rather higher Z eff ~1.5-2.5, or somewhat higher density (<n e >/n GW~0 .4) at reduced T e but significantly lower Z eff ~1.2-1.5. In general, the results
show that stable ohmic discharges at q 95 ~ 3 have the lowest l i (3) = 0.8-0.85 when using the fastest current ramp rates available after the breakdown phase. As shown in Figure 5a with the available flux from the OH transformer [2, 4] , implying that ITER will have to start heating, at the latest, immediately after reaching 15MA.
ADDITIONAL HEATING:
Heating during the limiter phase can use the inboard or outboard limiters of the device for power handling. All experiments observe a rapid increase of Z eff when using additional heating. For [2] show that the heating effect on l i (3) dominates over any current drive effect from either NBI or LHCD. TRANSP/TCS simulations of the current rise phase in C-Mod show that comparing an ohmic current rise with a 2MW ICRF heated case, the flux saving is due to a reduction of ~20% in the resistive flux consumption as shown in Figure 7 . Likewise in ASDEX Upgrade and JET, discharges with an H-mode current rise phase save 25%-30% of the transformer flux required for an ohmic current rise. In H-mode, the bootstrap current near the pedestal plays an important role. In addition, a broad Te profile helps in forming broad current density profiles. In ASDEX Upgrade for example, target plasmas with l i ~ 0.63 at q 95 = 3 are used for the hybrid regime exploration at low q 95 .
CONTROL OF LI(3):
At DIII-D, feedback control of l i (3) is employed during the divertor phase of the current rise of large-bore startup discharges, using the current ramp rate as the means of changing l i (3) [10] .
The ramp rate is varied from 0.34MA/s to 1.5MA/s. Control of li(3) in purely inductive (ohmic)
current rise experiments and with various levels of NBI during the current rise is demonstrated.
As expected, the inductive cases without heating require higher current rampup rates to achieve lower l i (3). Increasing levels of auxiliary heating lead to slower current ramp up rates to maintain the same level of l i . More sophisticated control schemes using density, heating, and current ramp or radiation seeding is used in these discharges. Table II gives an overview of the results.
A few specific issues are documented during the flat top phase: (1) The evolution of the plasma inductance, (2) entry into a stationary H-mode phase and (3) the discharge evolution following a back-transition to L-mode.
After the transition to H-mode, the experiments extend the heating phase to several resistive diffusion times (τ R ) during flat top (limited by the magnet coils and/or pulse length of the additional heating systems). The maximum pulse length in these experiments is ~2-3τ R for ASDEX Upgrade, 3τ R for DIII-D and ~1-1.5τ R for JET. The l i (3) value at the end of the Flat Top (FT), is given in the last column of Table II . Figure 9a shows the l i (3) evolution for the current rise and flat top phase of the discharges given in Table II . During H-mode most experiments observe a slow evolution of l i (3) to values ≤0.85. The value at the end of the flat top phase is independent of the starting values at the beginning of the current flat top. The discharges for DIII-D and JET shown in Figure 9a 
CURRENT DECAY PHASE
Although detailed evolutions (model calculations) of the discharge ramp-down phase of ITER
have not yet been completed, initial experimental work has also studied discharge shut-down scenarios. As shown in an example from ASDEX (Figure 10 ), the current ramp down phase must provide a (vertically) stable ramp down of the plasma current, transitioning from H-mode to Lmode, allowing control over the radiation fraction, keeping below the density limit and avoiding overheating of first wall components. In ITER additonal contraints are staying within the available full swing of the transformer and exiting the burn phase. 
SUMMARY AND CONCLUSIONS
The experimental verification of ITER scenarios has provided new data for all phases of the discharge. Advanced ITER scenarios will be the focus of future experiments. (1) : O1: Fundamental O-mode, X2: Second harmonic X-mode. (2) In 1991, ref [15] documented values of 0.25V/m for ohmic and 0.15V/m for ECRH assist. 
